Introduction

35
Stormwater ponds have been built for decades to reduce the hydraulic load from urban runoff 36 on receiving waters. In this manner erosion of riverbanks, uprooting of plants, forced 37 relocation of fauna and deposition of sand are avoided. The best pond design in moist 38
Northern-temperate climate zones like Denmark is wet ponds and wetlands, whereas 39 infiltration ponds are better in arid or semi-arid climate zones due to long, dry periods with a 40 high evaporation rate (Barbosa & Hvitved-Jacobsen, 2001 ). Wet ponds are only a possibility in 41 these dry areas where constant water sources, like rivers, are available (Koob et al., 1999) . 42
The stormwater quality is dependent on characteristics of the land use, the surface and the 43 traffic density (Gobel et al., 2007) . During a 2-year study of a detention pond Hossain et al. 44 (2005) found that inlet concentrations depended on the factors described above, but also on 45 rain intensity and duration, dry periods and maintenance practice. Because of these factors, 46 retention of SS and heavy metals was highly variable. Approaches have been made to take 47 ignition (LOI), particulate phosphorus (PP) and particulate iron (PFe). SS was measured in 125 triplicate on all three filters (105 °C, 24 h), whereas LOI was measured on one filter (520 °C, 2 126 h). PP and PFe were measured by boiling the combusted filter in 1 M HCl (1 h) followed by 127 determination of dissolved inorganic phosphorus (DIP) and dissolved iron (DFe) in the extract 128 (Andersen, 1976) . The remaining two filters were kept for analysis of heavy metals (Egemose 129 et al. 2015) . 130
The filtered water was analyzed for nitrate (NO3 -), nitrite (NO2 -), ammonium (NH4 + ), total 131 dissolved phosphorus (TDP), DIP, DFe, dissolved organic carbon (DOC) and color. NO3
-, NO2   -132 and NH4 + were analyzed spectrophotometrically on a flow injection system (QuickChem 8500 133
Series, Lachat Instruments, QuickChem method 10-107-041-C). DIP was measured by the 134 molybdenum-blue method (Koroleff, 1983) . TDP was measured as DIP after wet oxidation with 135 potassium peroxodisulfate. DFe was measured by the ferrozin method (Gibbs, 1979) . DOC was 136 analyzed with infrared spectrophotometry on a TOC 5000 total organic carbon analyzer. Color 137 was measured according to Hongve and Akesson (1996) . 138
Total phosphorus (TP) was measured as TDP on an unfiltered sample. Total nitrogen (TN) was 139 measured as NO3
-on an unfiltered sample after digestion with potassium peroxodisulfate and 140 sodium hydroxide (QuickChem method 31-107-04-3-B). 141
Retention in percentage was calculated based on measured in-and outlet concentrations and 142 flow. Data were tested for normality using Sapiro-Wilk test, but since data generally did not 143 follow a normal distribution, non-parametric tests (α < 5%) were used. Kruskal-Wallis one-way 144 analysis of variance was used to compare concentrations with pond and/or catchment 145 parameters, and the non-parametric 2-sample Kolmogorov-Smirnov test was used afterwards 146 to find significant differences in specific sample pairs. Spearman's rank order correlation was 147 used to find correlations between two variables, whereas linear regression was used when an 148 independent and a dependent variable were present. For each parameter, the measured 149 concentrations and/or retentions varied considerable. To prevent remote data points from 150 dragging the average in one direction, we decided to use median values instead of averages 151 throughout the article.
Results
153
Runoff related to rainfall history
154
Catchment runoff depends on rainfall history, and hence on the pond inflow. In order to 155 evaluate this correlation, all ponds with more than one inlet (n=22) were left out of the 156 analysis, since it was difficult to calculate the average inflow in these cases. Additionally, ponds 157 without measurable flow the day of sampling (n=19) and ponds with flow >30 l s -1 (n=2) were 158 left out of the analysis, leaving 27 ponds for the analysis. 159
As the study was conducted during 2 months, the precipitation history differed. In order to 160 take this into account the amount of water (m rain gauge located in Aabenraa (approx. 27 km from the furthermost pond) provided 170 precipitation data for this analysis. By using a resolution of 1 h, precipitation from the previous 171 5 days and only ponds close to the rain gauge (n=20), the fit was slightly better (R 2 =0.71, 172 p<0.001). These results showed that runoff to ponds can be predicted more precisely by using 173 a nearby rain gauge with high resolution and knowledge of precipitation history. 174
The size of the impermeable catchment area was correlated to the measured runoff ( Figure  175 2B), where a significant linear regression existed for impermeable area >1 ha (n=21, p<0.001), 176 but not for areas <1 ha (n=6, p=0.697). The ratio between impermeable area and total 177 catchment area also correlated linearly with the measured flow (impermeable areas <20 %, 178 n=5, p=0.029, impermeable areas >20 %, n =22, p < 0.001). This clearly showed that runoff also 179 depends on the size of the impermeable area. 180
Calculation of annual precipitation and the yearly number of rainy days were performed for 181 the period 1999-2012 in Aabenraa ( concentrations in and out of the ponds went together for TN and mostly for TP, whereas SS 243 varied without trends. As seen in Table 3 , TP mainly consisted of PP whereas TN mainly 244 consisted of dissolved N. SS and TP had varying inlet concentrations depending on catchment 245 type and more homogenous outlet concentrations. On the other hand, inlet and outlet 246 concentrations of TN were very similar regardless of the catchment type.
Retention in ponds 248
Pond geometry, age and type were important for the retention. Parallel ponds and ponds with 249 no outlet or with joint inlet and outlet were left out of this analysis, since it was impossible to 250 calculate the retention. In addition, ponds without flow measurements were left out, since 251 flow was required to find the retention. This left 39 ponds for analyzing retention (Table 4) . 252
None of the retentions differed significantly between pond types, probably due to the very low 253 number of ponds in 3 of the 4 pond types (27 out of 39 ponds were wet ponds). Trends of 254 different retention between pond types were though seen ( Apart from pond types, the pond age proved to affect the retention. distance, which may be due to the fact that the furthermost pond was only approx. 27 km 285 away from the rain gauge and that most of the ponds are situated relatively close to the rain 286 gauge. 287
We expected to find correlations between impermeable area and runoff and there seems to 288 be two trends; one for small areas and one for larger areas. This is probably caused by the 289 varying travel distance for any raindrop from catchment surface to pond inlet, as the mean of 290 this distance is shorter for smaller areas. The largest impermeable catchment was 47.8 ha 291 (Table 1) . Since most of the ponds are situated in small cities (21,900 inhabitants in Aabenraa) 292 compared to European countries, there may be a third correlation trend for larger cities. 293
Beside differences in travelling distance, the impermeable areas differed regarding size/shape, 294 material and age. This might explain the irregular behavior of the determination coefficients in 295 Figure 2A . The determination coefficients varied a lot with precipitation up to 24 hours before 296 sampling, indicating that the catchment were of great importance for the runoff e.g. due to 297 initial losses to wetting, storage and interception. From 1 to 7 days the best fit was achieved 298 when using precipitation from the previous 5 days, which was also observed by Egemose et al. 299
(2011). This indicated that factors concerning the impermeable area were evened out after 1 300
day. 301
Mallin et al. (2002) found that rainfall history affects the level of SS (the day of sampling plus 302 one day before) and nutrients (the day of sampling plus two days before). We observed a 303 similar significant and positive trend for SS, N and P, but they are all discharged within 1 day. 304
Our results showed that the dissolved fraction was discharged faster than the particulate 305 fraction, indicating accumulation of particulate matter in the catchment. By knowing the 306 correlation between rainfall history and SS, N and P for a specific catchment, the annual load 307 to an existing or new pond could be calculated. It hereby becomes possible to choose a pond 308 type and size that fits the likely inlet load and ensures a sufficient retention. 309 than what he found for roof runoff, which indicates that the runoff from the studied 330 catchments are mostly influenced by roads and car parks. Regarding oxygen, we found high 331 concentrations independent of catchment types, as sampling was conducted in winter with 332 fully aerated inlet water and low oxygen consumption/production in the ponds. In summer we 333 might have seen large differences among the catchment types as oxygen concentrations are 334 mainly driven by temperature dependent mineralization/photosynthetic processes. 335
Catchment influence on inlet concentrations
Significant differences between catchment types were found for total area and drainage 336 coefficient. Industrial areas tend to have fewer ponds per ha than urban areas, which is 337 explained by bigger ponds in industrial areas (median area >1500 m The developing catchments tend to have more ponds per ha than older catchments. This is a 343 general tendency in Denmark, with construction of more ponds to prevent flooding of urban 344 areas and to reduce the hydraulic load on receiving waters. By constructing more ponds per ha 345 the annual loading on each pond becomes smaller. This may increase the retention and 346 prolong the time before renovation is required ( Figure 6C) . 347 SS is a simple and useful indicator for PP, PFe and PN through strong correlations between 348 these parameters. TN and TP can also be useful indicators, since they correlate with particulate 349 and dissolved fractions of nutrients, Fe and organic matter. This is in accordance with 350 
Retention in ponds
353
The results indicate that retention in the ponds depends in part on pond type. The wet ponds 354 make up most of our data foundation. The reason for the relative low retention in these is 355 probably that first flush is not included in the samples (point measurements in the middle of 356 the event). The retention is primarily dominated by sedimentation and adsorption. Since this 357 pond type includes many of the oldest ponds, the overall retention potential is smaller than for 358 newer ponds, especially concerning dissolved nutrients. Wet ponds with filters had the best 359 retention, especially concerning the particulate fractions due to sedimentation in the pond, 360
followed by filtration and adsorption in the filter just before discharge. Ponds of this type are 361 also the newest, which may also explain the good retention of dissolved nutrients. Ditches 362 tend to discharge previously retained nutrients and organic matter, including any nearby dead 363 vegetation and leaf fall. This is logical based on the long and shallow design which causes short Therefore, it makes good sense that they neither retain nor release nutrients and organic 368 matter. Common for all examined pond types is that they do not retain TFe (mostly due to 369 poor PFe retention). Birch et al. (2005) observed that i.e. Fe is discharged in higher 370 concentrations than it enters the pond, probably due to leaching from clay materials. The 371 inability to retain TFe can be good for the downstream water quality, as the remaining Fe in 372 the water acts as binding capacity for remaining P. The potential binding capacity is though not 373 in the pond. 374 is expected as both parameters are directly connected to the retention time in the pond and 376 the larger the pond, the better the retention. This is mainly connected to the significant 377 correlation between retention and ratio between pond volume and impermeable catchment 378 area, but also to longer distance between inlet and outlet and hence a longer retention time. 379
These findings are of great importance for consultants when designing new ponds but also 380 when restoring old ponds. Age since construction and age since renovation both correlate 381 significantly with retention, as less material can be resuspended and mineralized in new ponds. 382
To keep a high removal efficiency in ponds, managers should make maintenance plans 383 including sediment removal, already from the design phase. During summer, vegetation will 384 slow down the water and thereby prolong the distance between inlet and outlet, and they will 385 take up dissolved nutrients from the water. This effect is smaller during winter due to 386 vegetation decay, and as expected, we did not see any trends towards a connection between 387 plant cover and retention (Oberts & Osgood, 1991 
Conclusion
390
The results from 66 stormwater ponds showed typical inlet and outlet concentrations for 391 different catchment types. Industrial and very nutrient enriched areas should have a high 392 priority since they contribute with higher concentrations into, but also out of, the ponds 393 compared to urban and developing areas. To ensure optimal retention, and as little influence 394 on the receiving water as possible, attention should be paid to pond type, size and age. In 395 moist climates like Denmark a wet pond combined with vegetated sand filter will be optimal, 396 alternatively just a wet pond. We suggest that the distance between inlet and outlet should be 397 at least 50 m, but preferable >80 m, whereas the ratio between pond volume and 398 impermeable catchment area should be >250 m 3 red.ha
, which is in accordance with e.g. 399
Hvidtved-Jacobsen et al. (2010) . The suggested requirements ensure a long retention time and 400 use of the whole water body. Unfortunately, many existing ponds have a poor retention due to 401 non-functional design. During heavy rain events, first flush will be flushed directly through 402 these small ponds and into the receiving waters inducing negative effects. Finally, the age since 403 either construction or renovation should be less than 5 years for optimal retention, and 404 management and maintenance should be considered for older ponds. 405
By respecting these few guidelines the pond should be able to retain >80 % SS, >60 % LOI, >80 406 % NO3 -, >40 % PP and >50 % TDP. 407 On the x-axis is A) Accumulation periods before sampling ranging from 30 512 minutes to 7 days, and B) Importance of impermeable area in red.ha and %. 513 
